OBJECTIVE: To examine skeletal muscle intracellular triglyceride concentration in different fiber types in relation to obesity. DESIGN: Skeletal muscle fiber type distribution and intracellular lipid content were measured in vastus lateralis samples obtained by needle biopsy from lean and obese individuals. SUBJECTS: Seven lean controls (body mass index (BMI) 23.0 AE 3.3 kg=m 2 ; mean AE s.d.) and 14 obese (BMI 33.7 AE 2.7 kg=m 2 ) individuals; both groups included comparable proportions of men and women. MEASUREMENTS: Samples were histochemically stained for the identification of muscle fiber types (myosin ATPase) and intracellular lipid aggregates (oil red O dye). The number and size of fat aggregates as well as their concentration within type I, IIA and IIB muscle fiber types were measured. The cellular distribution of the lipid aggregates was also examined. RESULTS: The size of fat aggregates was not affected by obesity but the number of lipid droplets within muscle fibers was twice as abundant in obese compared to lean individuals. This was seen in type I (298 AE 135 vs 129 AE 75; obese vs lean, P < 0.05), IIA (132 AE 67 vs 79 AE 29; P < 0.05), and IIB (103 AE 63 vs 51 AE 13; P < 0.05) muscle fibers. A more central distribution of lipid droplets was observed in muscle fibers of obese compared to lean subjects (27.2 AE 5.7 vs 19.7 AE 6.4%; P < 0.05). CONCLUSION: The higher number of lipid aggregates and the disposition to a greater central distribution in all fiber types in obesity indicate important changes in lipid metabolism and=or storage that are fiber type-independent.
Introduction
It is well established that in obesity there is an abnormality in the capacity of skeletal muscle to store glycogen. 1, 2 This impairment in the rates of insulin-stimulated glycogen formation is recognized to be a prominent characteristic of insulin resistance. The storage of triglycerides within muscle is also positively correlated with markers of insulin resistance. 3 -5 Phillips et al 5 observed that the content of triglyceride in muscle, estimated in a semi-quantitative manner using oil red O histochemical staining, was negatively related to the insulin sensitivity (estimated by the degree of postprandial activation of glycogen synthase).
Recently, Goodpaster et al, 6 also using the oil red O technique, showed that diabetic (type 2) subjects tended to have a slightly higher muscle lipid content than obese subjects without type 2 diabetes, both groups possessing significantly higher muscle lipid content than lean insulin-sensitive controls. These data suggest that metabolic characteristics that contribute to the defect of glycogen formation may further be inter-related to a metabolic disposition for excessive triglyceride storage. In support of this concept, Simoneau et al 7 found that decreased activities of oxidative enzymes were associated with both insulin resistant glucose metabolism and increased muscle lipid content measured as low attenuation muscle content by computed tomography. Furthermore, Kelley et al 8 found that a reduced reliance on lipid oxidation during fasting conditions correlated to reduced insulin-stimulated glucose metabolism. These observations provide support for the concept that metabolic characteristics of skeletal muscle, and perhaps those characteristics related to reduced oxidative enzyme capacity, are associated with the twin perturbations of diminished glycogen formation and exaggerated triglyceride storage.
Skeletal muscle fiber type is one, though not the only, determinant of oxidative potential. Slow-twitch, or type I, muscle fibers generally have a higher oxidative enzyme activity than fast-twitch muscle fibers. Interestingly, type I muscle fibers have been reported to possess a higher content of the insulin-regulated glucose transporter and greater insulin sensitivity for glucose metabolism than type II fibers. 9 Approximately a decade ago, in human studies, Lillioja et al 10 found that an increased proportion of type IIB fibers was related to insulin resistance. Other investigators have also reported that obesity and type 2 diabetes mellitus are associated with an increased proportion of type IIB fibers. 11 In a recent study using rat skeletal muscles of varying fiber type composition, skeletal muscles enriched in type I fibers were shown to have a greater capacity for fatty acid metabolism (uptake, oxidation and storage) than muscles with a greater proportion of type II fibers. 12 This is particularly important since the triglyceride content of type I (slow-twitch) muscle fibers is approximately double that in type II (fast-twitch) muscle fibers in humans. 13 It is unclear therefore how the issue of muscle fiber type distribution might inter-relate to human physiology of obesity-related muscle triglyceride accumulation. On the one hand, an increased proportion of type IIB muscle fibers might be postulated to associate with insulin resistant glucose metabolism. However, one might also postulate that this pattern of fiber type expression would be associated with less rather than more triglyceride storage within muscle fibers. Therefore, the pertinence of muscle fiber type distribution to the abnormal accumulation of lipid content in muscle of obese individuals is unclear.
The current study was undertaken to determine whether obese subjects are more likely to store lipids within each of the major types of skeletal muscle fibers and to delineate whether lean and obese individuals differ in the intramyocellular distribution of fat. The interactions between obesity, muscle fiber type distribution and the lipid concentration and lipid distribution within these muscle fibers, issues that have previously not been addressed, are investigated.
Methods

Subjects
Fourteen obese subjects and seven lean subjects participated in this study. All potential volunteers underwent a medical examination, including routine laboratory testing and a 75 g oral glucose tolerance test (OGTT) prior to inclusion. Those individuals with glucose intolerance, hyperlipidemia, liver, renal or thyroid disorders were excluded, as were individuals with a history or physical findings of coronary heart disease, peripheral vascular disease, hypertension or neuro-muscular illnesses. Subjects taking medication for these disorders or taking medications known to influence carbohydrate and lipid metabolism were also excluded from participation. An additional inclusion criterion was that both lean and obese volunteers were not engaged in a program of regular physical exercise, so as to minimize differences of physical fitness as a confounding variable between the two groups. Physical activity patterns were determined by interview at the time of screening. The protocol was approved by the University of Pittsburgh Institutional Review Board and all volunteers gave written informed consent.
Muscle biopsies
Muscle samples were taken from the middle part of the right vastus lateralis using the needle biopsy technique. Local anesthesia (1% xylocaine) of the soft tissue and of the fascia was performed and a small incision (about 6 mm) was made through the skin and the fascia at 15 cm over the patella. A 5 mm Bergström needle was inserted through the incision at a depth of about 2 cm under the fascia and muscle samples were obtained by suction.
14 Muscle samples were rapidly trimmed of visible connective tissue and blotted free of blood. Small pieces of muscle ( $ 2 -3Â2 -3 mm) were mounted on a piece of corkboard with muscle fibers aligned vertically away from the surface of the board. These were frozen by immersing the whole board in isopentane cooled on liquid nitrogen (7160 C). Muscle for enzyme assay was frozen directly in liquid nitrogen. All muscle samples were stored at 770 C until they were shipped on dry ice to the Physical Activity Sciences Laboratory at Laval University.
Determination of muscle fiber types
Muscle sections (10 mm thick) were stained for myofibrillar adenosine triphosphatase according to an established technique 15 for determination of the different muscle fiber types (I, IIA and IIB). This technique also allows the detection of fibers with intermediate staining (eg between IIA and IIB), but their prevalence was too low to consider them for investigation.
Oil red O histochemical lipid staining
The lipid content of muscle fibers of obese and lean subjects was measured in a blind fashion using the oil red O Sudantype dye staining technique which mainly reveals triglycerides with an orange-red tint. 16 Briefly, a stock solution was prepared by solubilizing 300 mg of oil red O dye (Sigma, StLouis, MI) in 100 ml of concentrated isopropanol (99%). Muscle sections (10 mm thick) sliced in a cryostat maintained at 720 C and deposited on glass slides were incubated at room temperature for 10 min in 12 ml of freshly prepared stock solution (filtered through a Whatmann paper no. 42) diluted in 8 ml of distilled water. Thereafter, stained samples were immersed four times in distilled water and rinsed with running water for another 10 min. Glass slides were overlayed with a glycerol drop (to preserve lipids) and sealed with a coverslip and an acetone-based nail polish.
Obesity and muscle fat content P Malenfant et al Quantification of intracellular lipid content within muscle fibers Oil red O stained muscle sections were magnified with an Olympus Provis (Tokyo, Japan) light microscope and images were digitally captured by using a connected charge-coupled device (CCD) camera (Sony, Tokyo, Japan). Myosin ATPase and oil red O stained fibers were matched and the oil O red staining intensity of either type I, IIA or IIB muscle fibers was quantified on a Macintosh computer using the public domain NIH Image program (developed at the US National Institutes of Health and available on the Internet at http://rsb.info.nih. gov/nih-image/). By adjusting a density threshold, the software was set to recognize the presence of one fat droplet only if its highlighted surface was exceeding 0.36 mm 2 . After proper calibration, the number and size of lipid droplets were quantified by encircling the area of individual muscle fibers. To assess the partitioning of lipid droplets between the periphery of each myocyte and its interior, an area 8 mm in width from the inside border of the sarcolemma was masked. The area contained within this mask represented about 40% of the cross-sectional area of a muscle fiber. The number and size of lipid droplets within the area not covered by the mask were measured to quantify central lipid deposition within muscle fibers. The content of lipid close to the membrane of the muscle cell (ie peripheral fat) was then calculated by subtracting the central lipid from the previously measured total crosssectional lipid content of the muscle fibers.
Calculations of muscle lipid content were done by summing the pixels detected either in the entire or central surface of the muscle fibers. The area of muscle lipid calculated was divided either by the entire or the central area of the muscle fibers. The variables retained for analyses were the mean number of lipid droplets per muscle fiber, their size (mm 2 ), the muscle fiber size (mm 2 ), the mean muscle fiber lipid concentration expressed as the percentage of area they occupy within the muscle fiber, and the localization (peripheral or central) of lipid deposits. The mean number of fibers analyzed per sample was 26, 19 and 16 for type I, IIA and IIB muscle fibers, respectively.
Statistical analyses and data presentation
Statistical analyses were performed using JMP analysis software (SAS Corporation, Cary, NC). Between-group differences in glucose levels during OGTT were tested using unpaired Student's t-tests. Group and muscle fiber type effects as well as interaction between group and muscle fiber type were tested with two-way ANOVA. Mean differences between groups or muscle fiber types were tested by Tukey multiple comparisons post-hoc test. All data are presented as means AE standard deviation (s.d.).
Results
General characteristics of the subjects The general information of the subjects is summarized in Table 1 . Both groups displayed normal glucose tolerance during OGTT although obese subjects had slightly higher initial (t ¼ 0) plasma glucose levels.
Fiber type distribution and fiber area Histochemical characteristics of skeletal muscle are shown in Figure 1 . Table 2 summarizes these characteristics in the two groups of subjects. No significant difference was found in the relative proportion of type I and IIB muscle fibers between the two groups whereas the proportion of type IIA fibers was slightly higher (by about 10%) in lean compared to obese subjects. Type I and IIA muscle fiber areas were similar between obese and lean whereas type IIB fibers were slightly larger in obese subjects.
Intramyocellular lipid concentration and distribution
In the group as a whole, including both lean or obese subjects, the number of lipid aggregates observed within The localization of lipids within muscle fibers also differed between lean and obese subjects. In appraising the localization of the lipid content within muscle fibers, it is apparent that lipids are not randomly distributed. As depicted in Figure 2 , obese subjects had a significantly (P < 0.05) higher proportion of their lipids centrally located in type I (36 vs 25%) and IIB (20 vs 10%) fibers compared to lean individuals. Although not statistically different, the central distribution of lipids in type IIA fibers also tended to increase in obesity (21 vs 16%).
Discussion
In addition to the greater amount of adipose tissue in obesity, triglyceride content within other tissues may also be increased. Increased tissue accumulation of triglyceride in skeletal muscle in obesity has been reported 6, 17, 18 and, importantly, this is related to the severity of insulin resistant glucose metabolism. Within muscle, triglyceride can be located within or between muscle fibers. Using magnetic resonance spectroscopy, Boesch et al 19 demonstrated that two pools of lipid can be detected within human skeletal muscle, either located intra-or extra-cellularly. Results of previous studies suggest that the lipid content of muscle fibers could be increased in obesity 4 and that this content is increased intracellularly. 6 The current study confirms these observations while addressing two additional questions, ie the interaction between muscle fiber type, intramyocellular lipid concentration and its cellular distribution in obesity.
In animal studies and in muscle from lean individuals, it has been found that slow-twitch, oxidative (type I) muscle fibers have an increased content of triglyceride compared to fast-twitch fibers (type IIA and IIB). This is likely to be related to the increased capacity of type I muscle fibers for fatty acid utilization. 13, 20 How this might relate to increased lipid content of muscle in obesity was unclear as several studies indicate that in obesity the proportion of type I muscle fibers is either lower or unchanged compared to lean subjects. 21, 22 Moreover, an increased proportion of type IIB muscle fibers has been found to correlate with insulin resistance in obesity, and this characteristic, of itself, might be anticipated to be associated with less rather than greater amounts of triglyceride content in muscle.
In the current study, skeletal muscle from obese subjects had modestly reduced proportions of type I and IIA muscle fibers and a modest increase in the proportion of type IIB muscle fibers. These differences were not significantly different from muscle in lean subjects except for the reduction in the proportion of type IIA fibers. Consistent with prior studies, lipid concentration was highest in type I fibers, lowest in type IIB fibers, with intermediate levels in type IIA fibers, and this pattern was maintained in both obese and non-obese individuals. Regardless of the subtle differences in muscle fiber type proportions, the intramyocellular lipid Obesity and muscle fat content P Malenfant et al concentration was increased in muscle fibers from obese subjects and this increase was evident in each of the three muscle fiber types. In each muscle fiber type obese subjects had approximately double the lipid concentration found in their non-obese counterparts. Thus, the current study demonstrates for the first time that the increase in skeletal muscle lipid content in obesity occurs within each of the three muscle fiber types and indeed, the effect of obesity on muscle lipid is superimposed upon the effect of muscle fiber type distribution to govern lipid content. This fibertype-independent increase clearly suggests metabolic changes that go beyond simple fiber type redistribution in obesity. Whether these differences arise from or impact on differences in lipid oxidation is unclear.
The nearly two-fold greater lipid concentration in fibers of obese subjects, resulting from significant increases in the number of intramyocellular fat aggregates, is consistent with the study of Odusote et al, 23 in which muscle fiber lipid content of guinea pigs was also determined with the use of the oil red O staining technique, and with the data of Gó rski et al. 24 Similar differences in triglyceride content have also been observed in isolated type I and type II human muscle fibers. 13 The higher lipid content in type I fibers compared to type II fibers may represent differences across muscle fiber types in heparin releasable lipoprotein lipase activity 25 and in plasma membrane fatty-acid binding protein (FABP PM ) content, 20, 26 both being higher in type I compared to type II muscle fibers. These are factors directly involved in the processes of fatty acid entrance into muscle, and accordingly could be plausible reasons for the muscle fiber-type specific difference in lipid content. Recent data 7 showing increased FABP PM in skeletal muscle from obese men and women could indeed explain in part the observed increase in muscle lipid concentration with obesity.
In addition to increased lipid content in muscle fibers in obesity, regardless of muscle fiber type, the intracellular distribution of lipid aggregates differed in obese compared to lean subjects. In muscle fibers from lean subjects, the majority of lipid aggregates, from 75 to 90%, were located near the sarcolemma. In muscle fibers from obese subjects, a higher percentage of lipid aggregates were located within the central area of muscle fibers. Interestingly, the greater content of lipid close to the muscle cell membrane coincides with the non-uniform distribution of mitochondria. 27 It is known that there are two pools of mitochondria, those located near the subsarcolemma and others more randomly distributed within the cytosol. 28 In studies using fluorescence 29 or scanning of individual muscle fiber succinate dehydrogenase activity, 27 it was shown that a higher amount of mitochondria are located near the sarcolemma and the concentration of mitochondria decreases in an exponential manner as the distance from the sarcolemma increases, reaching a minimum at the center of the muscle cell. Thus, in obesity, not only the oxidative capacity of skeletal muscle, but likely the mitochondrial volume density, is diminished, 30 and, as suggested by the current findings, the intramyocellular lipid distribution is also disturbed. The combination of reduced mitochondrial density (and therefore oxidative capacity) with an increased localization of fat stores away from the sarcolemma could thus severely impact on the ability of the cell for lipid oxidation.
Conclusion
Skeletal muscle type I, IIA and IIB fibers from obese subjects contain 1.5 -2.3 times more triglyceride than those from lean subjects when measured as intramyocellular lipid aggregate number or concentration (the surface of the fiber occupied by lipids). Type I muscle fibers contain approximately twice the triglyceride content of type II fibers in lean and obese subjects. Moreover, in addition to the excess of triglyceride, muscle cells of obese individuals showed a more centralized intramyocellular lipid deposition pattern compared to lean individuals. These differences indicate important changes in the metabolism and=or storage of lipids within muscle fibers of obese individuals that are fiber type independent.
